Abstract: Polar auxin transport was inhibited in rice seedlings when they were treated with N-1-naphthylphthalamic acid (NPA). The treatment reduced total root length and the number of lateral roots, and negatively affected gravitropism. The auxin content at the base of the seminal root significantly increased in the NPA treatment seedlings compared to the control. Lateral roots elongated along the seminal root axis after NPA treatment, but growth remained within the cortex. Lignin content in the basal region also increased at the same time and accumulated in the epidermis. These results suggest that NPA treatment prevents lateral roots from penetrating the hypodermis due to the hardening of hypodermis cell walls through the enhanced lignification, and the disturbed gravitropism caused by NPA treatment affected auxin flow.
Introduction
Plants are capable of modulating their morphologies and growth in response to changes in the environment. Auxin, a key plant growth hormone, has important roles in various physiological activities, including embryogenesis, cell division, cell elongation, apical dominance, defoliation, and gravitropism.
Root system formation is affected by auxin (Takahashi 2013) . Low auxin concentrations stimulate root growth, whereas high concentrations inhibit root growth (Thimann 1969) . Auxin is transported from the shoot to the young root tip (acropetal transport) and is re-directed from the root tip to the basal part of the root (basipetal transport) (Morris et al. 2004 , Takahashi 2013 ). Many previous studies have shown that applying exogenous auxin inhibits primary root elongation (Haughn and Somerville 1986) and increases the number of lateral roots (Blakely et al. 1988 , Laskowski et al. 1995 . Preventing auxin transport from the shoot to the root inhibits lateral root development in Arabidopsis (Reed et al. 1998) , and it has been shown that both acropetal and basipetal transportation are required for lateral root formation (Casimiro et al. 2001 , Marchant 2002 , Reed et al. 1998 . In Arabidopsis, auxin levels increased at about 5-7 days after germination, which coincided with the emergence of lateral roots (Bhalerao et al. 2002) . During this period, two separate sources of auxin influenced specific stages of lateral root development. Root tiplocalized auxin was important for primordium initiation, whereas leaf-derived auxin was critical for primordial outgrowth.
In this study, we demonstrated that the inhibition of auxin transport by N-1-naphthylphthalamic acid (NPA), which is an auxin efflux inhibitor (Friml and Wisacute 2002 , Petrasek et al. 2003 , induced lateral root elongation in the basal cortex of rice (Oryza sativa L.) seedling seminal roots. We investigated changes to root system morphology, endogenous auxin contents, and lignification. The reasons behind lateral root 9800F; Epson, Japan), and total root length was measured using the method described by Kimura et al. (1999) .
Measurement of endogenous auxin
The endogenous auxin (indole acetic acid, IAA) content was determined using the method described by Kakiuchi et al. (2006) with some modifications. Fifteen seminal root segments were collected from the 0-1 cm base region of the seminal root. Fresh weight was measured, and then the segments were sealed in a plastic tube and placed in liquid N 2 . The samples were stored in a freezer at -80°C until further analyses. The frozen samples were ground in liquid N 2 and then 350 µL 1.6 × 10 −6 M indole-3-acetic-2,2-d2 acid (C/D/N Isotopes, Canada) in methanol was added to the samples as the internal standard to monitor IAA. The tubes were centrifuged at 20,000 g and the supernatant collected. The 250-µL samples were pre-purified through a reverse-phase column (C18 Sep-Pak; Waters, Japan), which had previously been equilibrated with 1 mL 80% (v/v) methanol. After pre-purification, 250 µL 80% (v/v) methanol was added to wash the column. The sample volume was made up to 1000 µL with distilled water and the pH was adjusted to 2.8 with 2 M phosphoric acid. Then the sample was extracted four times with an equal volume of diethyl ether. After evaporation of the ether, the samples were dissolved in 50 µL of 80% (v/v) methanol. The IAA contents were quantified using the LC/MS/MS method. A 10-µL aliquot of the sample was analyzed by an LC/MS/MS system (HPLC, ACCELLA 600, Thermo Fisher Scientific, USA) using a 5-μm Hypersil GOLD column (50 mm × 2.1 mm; Thermo Fisher Scientific). The eluent was 80% (v/v) aqueous methanol supplied at 200 µL min −1 and at 25°C. The MS system was a T S Q Q U A N T U M U L T L A ( T h e r m o F i s h e r Scientific). IAA was detected using a m/z ratios of 176.330 and 130.270, and indole-3-acetic-2,2-d2 acid was detected using m/z ratios of 178.330 and 132.270 in negative-ion mode.
Root morphology observations and lignification detection
Seminal root segments were taken from the 0-1 cm region at the base of the seminal roots. They were fixed in FAA for 16 h at 4°C, dehydrated with a graded ethanol series, embedded in paraffin, sectioned into 10 μm slices using a microtome (Microm HM360; Microm GmbH, Germany), and dried at 37°C. The paraffin was removed from the sections with xylene and then they were hydrated in elongation along the seminal root axis are also discussed.
Materials and Methods

Plant culture
Oryza sativa L. 'Akita-komachi' seeds were germinated in the dark at 28°C in petri dishes for 3 days. During this period, the seminal roots of the germinating seedlings elongated by approximately 1 cm. These seedlings were transplanted onto metallic nets Ten seedlings were placed on each net and cultivated in a beaker containing 1000 mL of this solution. The solution was aerated by continuous bubbling with air (1000 mL air min −1 ) provided by an aerator (HPα 10000; Nisso, Japan). The bubbles did not travel as far as the root axis, which meant that root system growth was not inhibited by this procedure (Ogawa et al. 2009 ). The nets and the walls of the beakers were covered with aluminum foil to exclude light and stimulate root system growth. The plants were illuminated by white light on 12-h photoperiod regime in a growth chamber that was maintained at 28 ± 0.2°C with a relative humidity of approximately 70% (MLR-350H; Sanyo, Japan). The photon flux density of the photosynthetically active radiation (PAR; 400-700 nm) at the top of each plant was 320 μmol m −2 s −1 . NPA (Sigma-Aldrich, USA) was added to the nutrient solution so that changes to root morphology and auxin distribution in the root system through the inhibition of auxin transport could be detected. The NPA was dissolved in dimethyl sulfoxide and the stock solution concentrations were 0 (control) and 500 mM (NPA treatment). At transplanting, 20 µL of each stock solution was added to the 1000 mL nutrient solutions to generate treatments containing 0 (control) and 10 µM NPA. The seedlings were harvested 7 days after transplanting (10 days after germination).
Measurement of root growth
The sampled roots were immediately fixed and stained in 0.1% (w/v) Coomassie Brilliant Blue G250 in FAA (5% formaldehyde, 50% ethanol, 5% acetic acid [v/v] ) for 2 days. After the number of lateral roots had been counted, images of the root systems were captured by an image scanner (GT-Japan). The calibration curves were created using a lignin alkali solution (Sigma-Aldrich, USA), which was prepared as outlined above. The absorbance at 280 nm was recorded in a 10 mm quartz cell with a UV-Vis spectrophotometer. The lignin concentration was determined by dividing the amount of lignin calculated based on the calibration curve by the dry weight of the sample after the methanol extraction.
Statistical analysis
For calculations on Student's t-test, an algorithm, incorporated into the Microsoft Excel 2010 software program (Microsoft, USA) was used. Figure 1 shows the change in the endogenous IAA contents at 0-1 cm from the base of the seminal root under NPA treatment. After NPA treatment, the endogenous IAA content was 5.2 times higher than the control, which was significantly different (P < 0.01). Growth was also inhibited by the NPA treatment (Fig. 2) . In the NPA treatment, the leaf did not elongate in a vertical direction, and seminal root growth was crooked. Furthermore, a brown pigment was deposited along the root axis and total root length and the number of lateral roots decreased significantly (Table 1) .
Results and Discussion
Previous studies have described a change in auxin transport from the shoot to the root when seedlings were treated with various concentrations of NPA. An application of 1 or 10 μM NPA reduced the IAA transport from the shoot to the root by 15% an ethanol-water series.
The root morphology was observed by first staining the sections with hematoxylin. They were then dehydrated in a graded water-ethanol series, ethanol-xylene, and finally xylene. The root morphology was then observed under a microscope.
The lignification in the 0-1 cm basal region was detected by the Maule color reaction (Iiyama and Pant 1988) . After deparaffinization and hydration, the cross section slides were treated with 1% potassium permanganate for 5 min, washed in distilled water, and then treated with 1N HCl for 20 min. The slides were washed with distilled water, suspended in 28% ammonia solution, and examined under a light microscope (BX51; Olympus, Japan) with a digital camera (Camedia C-5050; Olympus, Japan).
Measurement of lignin content
Root lignin content was determined according to Suzuki et al. (2009) with slight modification. Root segments from the 0-1 cm basal region of the seminal root were placed in 2-mL polypropylene microcentrifuge tubes with screw caps and dried at 60°C for more than 3 days. The samples were weighed and then pulverized with a Multi-Beads Shocker (model MB455AU (S); Yasui Kikai, Japan). The powdered samples were extracted with 1 mL of water and centrifuged at 16,000 g for 10 min at room temperature (20°C). The supernatants were discarded, and the pellets extracted with 1 mL methanol at 60°C for 20 min and centrifuged at 16,000 g for 10 min at room temperature. The supernatants were discarded, the methanol extraction was repeated, and the pellets were dried in vacuo and weighed. Then 1 mL 3 N HCl and 0.1 mL thioglycolic acid (Nakalai Tesque, Japan) were added, and the samples heated at 80°C for 3 h. After centrifugation at 16,000 g for 10 min at room temperature, the supernatants were removed and the pellets were vortexed for 30 s in 1 mL distilled water. After centrifugation at 16,000 g for 10 min at room temperature, the supernatants were discarded, the pellets were resuspended in 1 mL 1N NaOH, and then shaken at 80 rpm overnight. The samples were centrifuged at 16,000 g for 10 min at room temperature and then 1 mL of the supernatants were transferred to 1.5-mL tubes and acidified with 0.2 mL concentrated HCl. The tubes were centrifuged at 16,000 g for 10 min at room temperature after they had been chilled at 4°C for 4 h. The supernatants were removed and the pellets were dissolved in 1 mL 1N NaOH. After a 50-fold dilution with 1N NaOH, the solutions were measured using UV-Vis spectrophotometer (UV-mini 1240; Shimadzu, Each value shows the mean ± standard error (n = 3). ** indicates significant differences between the control and NPA treatments at P < 0.01 according to Student's t-test. compared with the control in rice seedlings (Chhun et al. 2007 ). Xu et al. (2005) reported that the number of adventitious roots was 88% of the control when rice seedlings were grown under 0.5 µM NPA treatment after 7 days of normal cultivation. Morita and Kyozuka (2007) showed that rice seedlings treated with NPA had fewer crown roots and reduced root gravitropism. Ruegger et al. (1997) reported similar results in Arabidopsis. Our results also suggested that root system growth was inhibited by NPA treatment and that gravitropism was affected (Fig. 2) . The root axis became brown in the NPA treatment as a result of flavonoid deposition. Gális et al. (2004) and Kakiuchi et al. (2006) observed browned roots due to flavonoid deposition in AK-6b transgenic tobacco. In this transgenic plant, basipetal auxin transport in the hypocotyls was reduced by 50-80% compared to the wild type plant. Our results suggested that the accumulation of the brown flavonoid pigment was induced by the inhibition of auxin transport due to the NPA treatment. Figure 3 shows the longitudinal and cross sections taken between 0 and 1 cm from the base of the seminal root in the NPA and control treatments. The initiated lateral roots in the NPA treatment were elongated in the cortex of the seminal root. The lateral root was initiated and began to elongate in the cortex and the root apex of the lateral root, which is shown in the cross-section. The penetration of up to two lateral roots was observed in the crosssection, but this only occurred in the basal region of 24.0 ± 2.6 *** 2.3± 0.9 *** Each value shows the mean ± standard error (n = 10). *** indicates significant differences between control and NPA treatnent at P < 0.001 by the Student's t-test. the seminal root (0-1 cm from the base of the seminal root) and was not seen in the middle section (3-4 cm from the root tip) or at the root apex (0-1 cm from the root tip) of the seminal root (data not shown).
Lignification in the 0-1 cm basal region of the seminal root was detected (Fig. 4) and is shown by the section that is dyed yellow. In the NPA treatment, lignification occurred in the hypodermis and the stele areas. The cells of the hypodermis in the NPA treatment were arranged more thickly and stained more strongly than in the control. Figure 5 shows the change in lignin contents in the 0-1 cm basal region of the seminal root under NPA treatment. The lignin content in the NPA treatment was 2.5 times higher than the control, which was significantly different (P < 0.01).
In the NPA treatment, the lateral root became elongated in the cortex of the seminal root (Fig. 3) . More lignification occurred in the hypodermis during the NPA treatment than in the control (Figs.  4 and 5 ). In addition, gravitropism was affected by the NPA treatment (Fig. 2) . These results suggest that the lateral root in the NPA treatments cannot penetrate the hypodermis and elongates in the cortex instead. This is probably caused by the hardening of the hypodermis cell wall due to lignification and the NPA effect on gravitropism.
Auxin has been shown to be a determining factor in cell lignification and differentiation (Bolwell 1997) . Laffont et al. (2010) reported that a mutant CRA1 gene in the model legume, Medicago truncatula, caused its roots to become short and thick due to defects in cell elongation. In this plant, the gene encoded a caffeic acid o-methyl transferase, which is an enzyme that is involved in lignin biosynthesis, and was the down-regulated. This led to a decrease in whole lignin content. The results correlated with the differential accumulation of specific flavonoids and decreased polar auxin transport in cra1 mutants. Therefore, the CRA1 gene may control legume root growth through the regulation of lignin and flavonoid profiles, which lead to changes in polar auxin transport. Aloni et al. (1990) reported that auxin and gibberellic acid (GA 3 ) controlled the formation of lignin in the primary phloem fibers and the secondary xylem of Coleus blumei stems. In the primary phloem, IAA alone or a combination of high IAA/low GA 3 (w/w) induced short phloem fibers with thick secondary walls that were lignin-rich. In contrast, in the secondary xylem, IAA alone or a combination of high IAA/low GA 3 reduced lignin content. Our results suggested that the inhibition of auxin transport by the NPA treatment led to increases in the auxin content and lignification of the hypodermis in the basal region of the roots. treatments. The lignin has accumulated in the section dyed yellow. In the NPA treatment, lignification was detected in the hypodermis and stele areas. Bars = 50 μm. Each value shows the mean ± standard error (n = 3). ** indicates significant differences between the control and NPA treatments at P < 0.01 according to Student's t-test. In conclusion, we demonstrated that the increased auxin contents in the basal region of the seminal root in rice seedlings induced lateral root elongation in the cortex of the seminal root axis, had detrimental effects on gravitropism, and caused lignification of the hypodermis cell wall. These effects were only observed when auxin transportation was disturbed by NPA treatment. Collectively, our results suggest that a functioning auxin transport system is needed for the correct timing of lateral root initiation, lignification in the hypodermis and elongation of the lateral roots.
